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Nanoﬂaky MnO2/functionalized carbon nanotubes
for supercapacitors: an in situ X-ray absorption
spectroscopic investigation†
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Wu-Ching Chou,f Ya-Hsuan Lioug and Chung-Li Dong*a
The surfaces of acid- and amine-functionalized carbon nanotubes (C-CNT and N-CNT) were decorated
with MnO2 nanoﬂakes as supercapacitors by a spontaneous redox reaction. C-CNT was found to have a
lower edge plane structure and fewer defect sites than N-CNT. MnO2/C-CNT with a highly developed
surface area exhibited favorable electrochemical performance. To determine the atomic/electronic struc-
tures of the MnO2/functionalized CNTs (MnO2/C-CNT and MnO/N-CNT) during the charge/discharge
process, in situ X-ray absorption spectroscopy (XAS) measurements were made at the Mn K-edge. Both
C-CNT and N-CNT are highly conductive. The eﬀect of the scan rate on the capacitance behavior was
also examined, revealing that the π* state of CNT and the size of the tunnels in pseudo-capacitor
materials (which facilitate conduction and the transport of electrolyte ions) are critical for the capacitive
performance, and their role depends on the scan rate. In the slow charge/discharge process, MnO2/
N-CNT has a more symmetrical rectangular cyclic voltammetry (CV) curve. In the fast charge/discharge
process, MnO2/C-CNT with a highly developed surface provides fast electronic and ionic channels that
support a reversible faradaic redox reaction between MnO2 nanoﬂakes and the electrolyte, signiﬁcantly
enhancing its capacitive performance over that of MnO2/N-CNT. The MnO2/C-CNT architecture has
great potential for supercapacitor applications. The information that was obtained herein helps to eluci-
date CNT surface modiﬁcation and the design of the MnO2/functionalized CNT interface with a view for
the further development of supercapacitors. This work, and especially the combination of CV with in situ
XAS measurements, will be of value to readers with an interest in nanomaterial, nanotechnology and their
applications in energy storage.
1. Introduction
Electrochemical capacitors (supercapacitors) are highly attrac-
tive power sources owing to their high power density, rapid
charge and discharge, excellent cyclic stability, compactness,
and high energy eﬃciency in energy storage applications.1,2
Their charge-storage mechanisms mainly involve either electro-
chemical double-layer capacitance (EDLC) or pseudo-capaci-
tance. EDLC arises from the accumulation of charges at the
interface between an electrode that is made of a carbon-based
material and has a large surface area and the high electrolyte
solution; the accumulation involves non-Faradaic physical pro-
cesses. In pseudo-capacitance, thin surface layers of pseudo-
capacitor materials support rapid and reversible surface redox
reactions that involve faradaic redox processes.3 Unlike
carbon-containing materials, most pseudo-capacitor materials
have a higher electrical resistance, limiting their application as
supercapacitor electrodes. To solve these problems, pseudo-
capacitor materials are decorated on carbon-based materials to
combine the advantages of carbon materials and those of
pseudo-capacitor materials. Decorating the surfaces of carbon
materials with pseudo-capacitor materials (RuO2, IrO2, NiO,†Electronic supplementary information (ESI) available. See DOI: 10.1039/c4nr06439a
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Co3O4, MnO2 and conducting polymers) can improve their
electrochemical performance through redox behavior. MnO2 is
a well-known pseudo-capacitor material with a lower cost,
higher theoretical specific capacitance (∼1100 F g−1), and
lower environmental toxicity compared to other well-known
pseudo-capacitor materials.4 Polymorphs of MnO2 have been
synthesized and tested in a neutral electrolytic solution. The
numerous valence states of Mn ions are responsible for its
versatile redox-dependent properties and its wide range of
applications in electrochemistry. One of the most practical
approaches to making MnO2 usable is to utilize highly conduc-
tive supports, such as CNTs, to support manganese oxide to
increase its conductivity. In practice, conductive supports not
only improve the electrical conductivity of MnO2 but also
increase its active surface area, which eﬀectively promotes elec-
tron transfer and ion transport within MnO2. Recently, the
extraordinary properties of MnO2-based carbon material elec-
trodes have been investigated for supercapacitor applications.
For instance, Kim et al. prepared MnOx/CNT sheet nano-
composites by electrodeposition. Large mass-loaded nanocompo-
sites exhibit high specific capacitances of 500–1250 F g−1 with
high charge/discharge rates in aqueous Na2SO4 electrolyte.
5
Jiang et al. developed nanocomposites that comprised of rice
paper, single-walled carbon nanotubes (SWCNT) and MnO2.
These nanocomposites exhibited high specific energy, high
specific power, and high cyclic stability in aqueous Na2SO4
electrolyte. The improved performance was attributed to the
highly conductive SWCNT network that was coated on top of
MnO2 particles, forming extensive SWCNT contacts with the
particles, resulting in rapid charge transfer.6 Lee et al. develo-
ped MnO2/layer-by-layer-CNT nanocomposite ultrathin film
electrodes with a volumetric capacitance as high as 246 F cm−3
at a scan rate of 10 mV s−1. At scan rates from 10 to 1000 mV
s−1, the nanocomposite electrodes exhibited relatively high
retention owing to the rapid transfer of electrons and ions
within the electrodes.7 Mao et al. presented graphene compo-
sites with highly crystalline nanostructured MnO2 with a high
surface area and various morphologies. Needle-like MnO2/
graphene composites had a higher specific capacitance of 280 F g−1
compared to similar composites with other morphologies.8
However, the capacitance of such composites strongly depends
on the change of the local electronic and chemical environ-
ments of the active element during the electrochemical
charge/discharge process, and information about this depen-
dency is still lacking. X-ray absorption spectroscopy involves
the transition of electrons from their core levels to unoccupied
electronic states; this is therefore element-specific and sensi-
tive to the local chemical environment of the detected
element. Moreover, in situ XAS has been applied to determine
the fundamental atomic and electronic structures of energy
storage/conversion materials and can be used to monitor
how they change with the charge state under working
conditions.9–11 In this work, MnO2/functionalized CNTs were
fabricated by a spontaneous redox reaction. In situ XAS was uti-
lized to advance our understanding of the fundamental physi-
cal and chemical properties of high-performance MnO2/C-CNT
and MnO2/N-CNT for charge insertion/extraction during redox
reactions, especially to know how the modification of the
surface of a CNT changes its atomic/electronic structures and
how these changes aﬀect its capacitance. This study presents
some microphenomena, such as those that occur on the
surface of the modified CNTs, the interfacial properties of
MnO2/functionalized CNTs, the mechanism of charge storage,
and the changes in oxidation states and the local electronic
structure of pseudo-capacitor materials during electrochemical
charge/discharge.
2. Experimental
2.1. Reagents
Potassium permanganate (KMnO4) and sodium sulfate
(Na2SO4) were purchased from Sigma–Aldrich. Multiwall
carbon nanotubes (CNT) were used as-received; they had outer
diameters in the range 40–90 nm and lengths of up to several
micrometers (Mitsui & Co., Ltd, Japan). All the chemicals were
of analytical grade and were used as received without further
purification. All the solutions were prepared using a Milli-Q
water purification system (Milli-Q, USA) and had a resistivity of
at least 18 MΩ cm.
2.2. Preparation of functionalized CNT and MnO2/
functionalized CNT
Acid-functionalized CNTs (C-CNT) were produced by treating
CNTs with a mixture of concentrated sulfuric acid/nitric acid
(3 : 1, v/v).12 The amine-functionalized CNTs (N-CNT) were
formed by treating CNTs with a mixture of NaNO2 and 1,4-
benzenediamine.13 Then, MnO2 was spontaneously deposited
onto the functionalized CNTs by a spontaneous redox reac-
tion.14 First, 5 mg of functionalized CNTs were added to
50 mL of aqueous 0.01 M Na2SO4 and 0.001 M KMnO4 with
stirring at 80 °C. MnO2 was spontaneously deposited onto the
C-CNT and N-CNT in aqueous KMnO4 over various durations
(4 and 24 h), and the resulting composites were called MnO2/
C-CNT-x and MnO2/N-CNT-x (x = 4 and 24), respectively. Sub-
sequently, the products were centrifuged at 5000 rpm, before
being rinsed several times in deionized water and dried at
125 °C for 3 h. The resulting samples were collected for sub-
sequent characterization.
2.3. Characterization
Field emission scanning electron microscopic (FESEM) images
were obtained using a JSM-7410F (JEOL, Japan). Field emission
transmission electron microscopic (FETEM) images were
obtained using a JEM-2100F (JEOL, Japan). X-ray diﬀraction
(XRD) patterns were recorded using a D8 Discover (Bruker)
X-ray diﬀractometer with Cu Kα radiation. Electrochemical
measurements were made by cyclic voltammetry (CV),
galvanostatic charge–discharge processes, and electrochemical
impedance spectroscopy using an Autolab PGSTAT30 Electro-
chemical Analyzer (Eco Chemie, The Netherlands). The
working electrode in a three-electrode system was prepared by
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casting MnO2/functionalized CNTs on the glassy carbon elec-
trode (3 mm diameter), a platinum wire counter electrode, and
an Ag/AgCl (3 M KCl) reference electrode in aqueous 1 M
Na2SO4 at room temperature. Electrochemical impedance
spectra were obtained at frequencies ranging from 0.1 Hz to
100 kHz with an AC perturbation of 10 mV. Synchrotron XAS
was performed at the National Synchrotron Radiation Research
Center (NSRRC), Hsinchu, Taiwan. XAS at C K-, O K- and Mn
L-edges were obtained at BL20A with resolving power of
approximately 8000. The XAS at the Mn K-edge was obtained at
BL17C. A double-crystal Si (111) monochromator was used for
energy selection, with an energy resolution (E/ΔE) of about
7000. In situ XAS was carried out with a homemade in situ electro-
chemical cell to determine its atomic/electronic structure in
its operating mode.
Results and discussion
MnO2 nanostructures with controlled morphologies, grown on
variously functionalized CNT, are studied using FESEM. Fig. 1
compares the FESEM images of CNT, MnO2/C-CNT-24 and
MnO2/N-CNT-24. Fig. 1(a) shows a pristine CNT, which has a
smooth and clean surface. Fig. 1(b) and (c) clearly reveal that
MnO2 nanoflakes were successfully grown on the surfaces of
C-CNT and N-CNT, respectively. The morphology of the MnO2
nanoflakes is consistent with the (001) plane of birnessite-type
MnO2.
15 Fig. 2 presents FETEM images that display the
general morphology and detailed microstructures of diﬀerently
functionalized CNTs (C-CNT and N-CNT) and MnO2/C-CNT-24
and MnO2/N-CNT-24 at various magnifications. Fig. 2(a) and
(b) clearly indicate that the surfaces of C-CNT and N-CNT are
rough, especially following treatment with amine. This result
implies that the defect densities in C-CNT and N-CNT diﬀer,
possibly facilitating the growth of MnO2 nanostructures on the
functionalized CNTs with diﬀerent morphologies. The depo-
sition of the MnO2 nanostructure on the surfaces of N-CNT
(Fig. 2(e) and (f )) is more uniform than on the surfaces of
C-CNT (Fig. 2(c) and (d)) over most of the network. Addition-
ally, the deposited MnO2 grows as clear and vertical nanoflakes
on C-CNT. When MnO2 is deposited onto N-CNT, it forms a
continuous caterpillar-like layer of considerably smaller nano-
flakes. The specific surface area of pristine CNT is about 20 m2
g−1. Following surface treatments, the specific surface areas
of MnO2/C-CNT-24 and MnO2/N-CNT-24 were determined by
Brunauer–Emmett–Teller (BET) measurement to be 87 and
64 m2 g−1, respectively. The MnO2/C-CNT-24 with the higher
specific surface area is believed to provide more active sites for
electrochemical reactions, promoting charge storage. The
MnO2/C-CNT provides a large accessible surface area that
enables the eﬀective transport of electrolyte ions during the
operation of the supercapacitor. The charge/discharge process
depends on the path of migration of the alkali cations that are
inserted into/extracted from MnO2. Therefore, the morphology
of the MnO2 nanostructure may strongly influence its charge/
discharge performance. A comparison of Fig. 2(d) and (f)
clearly reveals that the surface area of MnO2 nanoflakes on the
C-CNT exceeds that on MnO2/N-CNT. Hence, the high surface
Fig. 1 FESEM images of (a) pristine CNT, (b) MnO2/C-CNT-24, and (c) MnO2/N-CNT-24.
Fig. 2 Morphology and microstructures of MnO2/functionalized CNT.
FETEM images of (a) C-CNT, (b) N-CNT, (c and d) MnO2/C-CNT-24
under diﬀerent magniﬁcations, and (e and f) MnO2/N-CNT-24 under
diﬀerent magniﬁcations.
Nanoscale Paper
This journal is © The Royal Society of Chemistry 2014 Nanoscale
Pu
bl
ish
ed
 o
n 
28
 N
ov
em
be
r 2
01
4.
 D
ow
nl
oa
de
d 
by
 T
am
ka
ng
 U
ni
ve
rs
ity
 L
ib
ra
rie
s o
n 
17
/1
2/
20
14
 0
6:
35
:5
5.
 
View Article Online
area of MnO2/C-CNT may greatly shorten the migration paths
of alkali cations into/from MnO2 during the charge/discharge
process. The MnO2/C-CNT may be excellent for supercapacitor
applications owing to its high surface area.
Fig. 3 compares the XRD patterns of variously functiona-
lized CNTs and MnO2/functionalized CNTs. All of the diﬀrac-
tion patterns include an intense peak at 26.4°, which
corresponds to the (002) plane of hexagonal graphite in the
CNT.16 The diﬀerence between the intensities of the (002)
plane of hexagonal graphite in N-CNT and N-CNT-24 is con-
siderably smaller than that between C-CNT and C-CNT-24,
indicating that the defect densities in C-CNT and N-CNT diﬀer
and may influence their microcrystalline structures and degree
of graphitization, following the introduction of MnO2 into the
N-CNT and C-CNT.16 The weak MnO2 diﬀraction peaks at 12.2°
from MnO2/C-CNT-24 and MnO2/N-CNT-24 are associated with
the (001) planes of the layered birnessite-type MnO2, which is
consistent with the standard data files (JCPDS 42-1317) with
mixed crystalline and amorphous phases.17 The broad and
weak MnO2 diﬀraction peaks indicate that the flaky MnO2 was
poorly crystallized, owing to low content, small particles and
amorphous phase. Unlike XRD, XAS can be used to study
material that does not exhibit long-range order, but with only
short-range order. To detect MnO2 in the various MnO2/func-
tionalized CNTs, XAS measurements are made.
Fig. 4(a) presents the Mn L2,3-edges XAS of MnO2/C-CNT-24,
MnO2/N-CNT-24 and reference MnO2. The Mn L2,3-edges origi-
nated in the electron transitions from the Mn 2p core hole to
the 3d unoccupied states. The spin–orbit interaction of the Mn
2p core hole splits the spectrum into two broad multiplets – L3
around 644.4 eV and L2 around 654.7 eV. The peak position
and the spectral line shape of the 3d metal L-edge strongly
depend on the local atomic and electronic structures of the
metal ions, and thus provide information about the electronic
configuration and valence states. The energy of the peak posi-
tion and the overall spectral profile of both nanocomposites
resemble those of standard MnO2, implying that the MnO2
was successfully grown on both sets of functionalized CNTs.
Notably, careful inspection revealed subtle but definite vari-
ations in the intensities of the peaks from the samples, as pre-
sented in Fig. 5.
CNT undergo oxidative acid treatment and treatment with
amine to yield C-CNT and N-CNT, respectively. Attack by func-
tional groups covers the surfaces of the nanotubes with
oxygen-containing groups. The presence of oxygenated groups
on nanotubes is important to their use because it may influ-
ence the conductive path. C and O K-edge XAS of pristine and
functionalized CNT are thus obtained, and displayed in the
lower (C K-edge) and upper (O K-edge) parts of Fig. 4(b),
respectively. The C K-edge reveals the electronic transition
from the C 1 s core level to the 2p unoccupied states. Peak A4
at approximately 284.6 eV is attributable to electron transition
from C 1 s to the unoccupied π* states (C 2px and 2py orbitals)
of graphitic C–C bonds; peaks D4 at around 290.9 and 291.9 eV
are assigned to the σ* excitation from C 1 s to the unoccupied
σ* state (C 2pz orbital) of the C–C bonds. Peaks B4 and C4 at
286.9 and 287.6 eV, respectively, correspond to the CvO π*
Fig. 3 XRD patterns of diﬀerently functionalized CNTs and MnO2 de-
posited on diﬀerently functionalized CNTs over 24 h. XRD pattern of
reference CNT is presented for comparison.
Fig. 4 (a) Mn L2,3-edges of pure MnO2 and MnO2 deposited on functio-
nalized CNTs (C-CNT and N-CNT). Inset compares variations of intensi-
ties. (b) C K-edge (bottom) and O K-edge (top) of pristine CNT, C-CNT
and N-CNT.
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and C–O σ* states, which are associated with the carboxylic
functional groups that are formed by the oxidation of the
CNTs.18–20 The C–O feature in scrolled CNTs is expected
because the edge plane is easily oxidized. Thus, pristine CNTs
also exhibit resonances associated with oxidized groups (peaks
B4 and C4). Surface treatment increases the intensity of the
peaks from these CvO π* and C–O σ* states, reflecting an
increase in the density of C unoccupied states that are associ-
ated with chemically functionalized carbon atoms or defect
states. The N-CNT samples have a weak pre-edge transition at
∼283 eV, perhaps as a result of carbon–oxygen species and dis-
ordered carbon in the CNTs, which can be attributed to the
defects that are created at the surface of N-CNT during amine
treatment. To verify the eﬀect of N species that are attached to
N-CNT, Fig. S1† presents the N K-edge XAS of N-CNT. The spec-
trum reveals four prominent features, labeled AS1 ∼ DS1.
Feature DS1 is associated with the σ* excitation of C–N
bonds. Features AS1 ∼ CS1 originated from the pyridinic-like
N (CvNπ*) and graphitic-like N, indicating that aminophenyl
groups successfully modified CNTs during amine treat-
ment.13,21 Both surface-modified CNTs exhibit strong π* exci-
tations, indicating that they maintained their graphitic
frameworks and favorable electrical conductivities following
treatments.
The upper part of Fig. 4(b) displays the O K-edge of C-CNT,
N-CNT and pristine CNTs to elucidate the involvement of
oxygen atoms in the interaction between CNTs and their func-
tional groups. The distinctive features in the figure correspond
to diﬀerent oxygen-containing groups. Peak G4 at about 532.8
eV has π* character and strongly depends on the chemical
environment of the bond; it can be assigned to the π* tran-
sitions of CvO states that are associated with carboxylic
groups. Peak H4 at about 535.5 eV and the broad peak I4 at
537.0–541.0 eV are attributed to the σ* transitions of O–H, C–O
or CvO groups of functionalized CNTs. The weak absorption
peak F4 at around 530.5 eV in the O K-edge XAS spectrum of
N-CNT can be assigned to the π* transitions of C–O in carbon-
oxygen species and disordered carbon in CNTs. The result is
consistent with the signal at 283.1 eV in the C K-edge XAS
spectrum of N-CNT that is associated with the disordered
carbon. As demonstrated by the C K-edge and O K-edge XAS
spectra, the CNTs with diﬀerent functional groups exhibit
various atomic/electronic properties. N-CNT has a more dis-
ordered carbon structure compared to C-CNT, and this diﬀer-
ence may aﬀect the morphologies of various MnO2/
functionalized CNTs.6,16 The fact that the absorption intensi-
ties of the C K-edge and O K-edge in the XAS of N-CNT exceed
those of the C-CNT indicates that the N-CNT has a higher
density of unoccupied states. Thus, the amine treatment of
CNTs may yield a dense positive surface charge.
The surface functionalization of CNTs is generally regarded
as an eﬀective manner of improving the specific capacitance of
carbon-based materials.7 Surface functional groups are
believed to facilitate the rapid transport of electrolyte ions. To
elucidate the interfacial phenomena of MnO2/functionalized
CNT, Fig. 5(a) compares the C K-edge XAS of diﬀerently func-
tionalized CNT (C-CNT and N-CNT) and MnO2/functionalized
CNT (MnO2/C-CNT and MnO2/N-CNT) with various prepa-
ration times (4 h and 24 h). The peaks (indicated by stars) at
approximately 296.6 and 299.1 eV are associated with the K L2-
edge and L3-edge that arise from the spontaneous redox
process that involves K+ within the MnO2 structure.
22 All the
samples yield similar spectral profiles, revealing the similarity
of their local electronic and atomic environments. However,
the variation in peak intensities among the samples is attribu-
ted to the interfacial eﬀect following the deposition of MnO2
nanoflakes on functionalized CNTs.
Several features in Fig. 5(a) are notable. First, the π* tran-
sition (peak A5) of the MnO2/functionalized CNT is not shifted
and the π* transition of the MnO2/functionalized CNT indi-
cates that the graphitic framework of the functionalized CNT
remains present upon the decoration with MnO2. Therefore,
this MnO2/functionalized CNT is expected to have good con-
ductivity. Second, the intensity of peak A5 of MnO2/functiona-
lized CNT, which reflects the density of the unoccupied states
with π* character is lower than that of functionalized CNT.
This fact provides direct evidence of charge transfer from
MnO2 to the C 2p-derived π* state in functionalized CNTs at
the interface. Conceivably, MnO2, which is slightly metallic,
donates electrons to functionalized CNTs, reducing the density
of unoccupied π* states in the functionalized CNTs at the
interface, as shown in the inset of Fig. 5(a). This charge trans-
fer is verified by the fact that the intensity of the Mn L-edge of
pure MnO2 is less than that of MnO2/functionalized CNT, as
presented in the inset in Fig. 4(a). Third, the intensities of
peaks B5 and C5 from MnO2/functionalized CNT are higher
than those of functionalized CNTs, reflecting a strongly oxi-
dized carbon environment at the interface, which withdraws
significant charge from CvO π* and C–O σ*, producing a high
local density of unoccupied states with C 2p character. The
presence of peaks B5 and C5 along with the changes in the π*
resonance (peak A5) can be interpreted as a result of a strong
Fig. 5 XAS of MnO2/CNT formed with diﬀerent deposition times (4 h
and 24 h). (a) C K-edge, (b) Mn L2,3-edges, and (c) O K-edge of various
MnO2/CNT. XAS of as-modiﬁed CNTs (C-CNT and N-CNT) are presented
for comparison. Inset in (a) compares intensities of peaks A5 of functio-
nalized CNT and MnO2/functionalized CNT-24.
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interaction of MnO2 with functionalized CNTs through Mn–O–
C bonding, with the carboxyl oxygen conceivably bonded to
the Mn. The fourth and perhaps most interesting interfacial
eﬀect is the evolution of the spectral profile as the MnO2 depo-
sition increases (from 4 h to 24 h), as elucidated below.
The deposition of MnO2 for 4 h on both MnO2/C-CNT and
MnO2/N-CNT greatly reduces the intensities of the C–C π*
peaks, revealing significant disruption of the carbon bonding
structures in C-CNT and N-CNT. The intensities of the Mn
L-edge of MnO2/C-CNT and MnO2/N-CNT exceed that of MnO2
(as shown in Fig. 4(a) and 5(b)). Simultaneously, reductions in
the intensities of the CvO π* and C–O σ* resonances at 288
eV are observed, suggesting the occurrence of charge transfer
from the environment (from the MnO2 to C π* states). Further,
after the deposition of MnO2 for a full 24 h, the intensities of
the π* state increase, rather than continue to decline. The pres-
ence of MnO2 may greatly increase the degree of graphitiza-
tion,16 which increases the intensity of C–C π* states. Another
likely phenomenon is the redistribution of charge at the inter-
face between MnO2 and functionalized CNTs. In this stage, the
Mn L-edge of MnO2/functionalized CNT-24 exhibits fewer
unoccupied 3d states than does MnO2/functionalized CNT-4,
as presented in Fig. 5(b). The contribution of the oxidized
carbon environment (around 288 eV) to the intensity is
reduced while those of both CvC π* and C–C σ* are enhanced.
Consequently, the charge is redistributed from C π* and σ*
orbitals to the Mn 3d orbital in this stage.
Finally, MnO2/functionalized CNT-24 are compared with
the pristine CNTs, and the former is found to have fewer
(more) CvC π* (C–C σ*) states. Moreover, the former has more
intense CvO π* and C–O σ* states, suggesting that the oxi-
dized carbon environment at the interface of the hybrid
materials was modified, resulting in charge redistribution fol-
lowing disruption of carbon bonding, upon the redox depo-
sition of MnO2 for 24 h. Based on the above discussion, the 3d
orbitals in Mn may accept electrons from the σ* state of func-
tionalized CNTs, and back-donate the electrons to the π* states
of functionalized CNTs, reducing the density of π* states,
while the density of the Mn 3d states does not significantly
diﬀer from that of MnO2. Zhou et al. also observed charge
transfer and back-donation in carbon-based materials.23 Fol-
lowing the elucidation of the interfacial eﬀect of the depo-
sition of nanoflaky MnO2, MnO2/C-CNT-24 and MnO2/
N-CNT-24 can now be compared. MnO2/N-CNT-24 has more C
π* states, providing more conductive paths. The following
causes are posited. The first concerns the initial state of the
CNTs. The as-modified N-CNT has more π* states than does
the as-modified C-CNT. Second, when the nanoflaky MnO2 is
deposited on diﬀerently functionalized CNTs, the CvO and
C–O peaks and the Mn L3-edge from C-CNT are more intense
than those from N-CNT. Thus, more electron transfer from
MnO2 to the π* state is expected in C-CNT.
The electronic structure of MnO2 that was deposited on
diﬀerently functionalized CNTs was examined by O K-edge
XAS to gain insight into the role of oxygen in the growth of
MnO2, as presented in Fig. 5(c). Peaks E5 and F5 arise from the
hybridization of O 2p and metal Mn 3d t2g and 3d eg orbitals,
respectively, and the broad peak G5 is associated with the
hybrid states of O 2p with metal Mn 4sp character. When
MnO2 was deposited on the two diﬀerently functionalized
CNTs for 4 h, the peaks at 532.8 and 535.5 eV (indicated by tri-
angles) and the rather broad peak at about 540 eV (indicated
by an arrow) became less intense than those of the as-modified
CNTs. In contrast, the intensity of the peak at approximately
530.1 eV following deposition for 4 h was higher than those of
C-CNT and N-CNT. The lower intensities of the peaks at 532.8,
535.5 and 540 eV from the functionalized CNTs indicate the
decrease in the O π* and σ* bands of functionalized CNT. The
increase in the intensity of the peak at 530 eV that originates
from the O 2p-Mn 3d hybridized states demonstrates the
growth of MnO2 on functionalized CNTs. Hence, the variation
of the intensities of these peaks reflects the variation of the
extent of a chemical interaction between MnO2 and the func-
tionalized CNTs with the reaction time. Additionally, the ratio
of the intensity of the peak of MnO2/C-CNT-4 at ∼530.1 (peak
E5) to that at ∼532.8 eV (peak F5) markedly diﬀers from that of
the MnO2/N-CNT-4, owing to the decoration of C-CNT and
N-CNT with MnO2 at diﬀerent growth rates. The relatively slow
growth observed in MnO2/C-CNT, which exhibits a low edge
plane structure and few defect sites, facilitates the vertical
growth of MnO2 on the surface of C-CNT. Further increasing
the deposition time increased the ratio of the intensity of peak
E5 to that of peak F5 such that it became similar to that of pris-
tine MnO2, revealing that more MnO2 was deposited on func-
tionalized CNTs, as shown at the top of Fig. 5(c). The peak
area under the O K-edge of MnO2/N-CNT-24 and MnO2/
C-CNT-24 exceeds that of MnO2, indicating the redistribution
of charge (depletion of O 2p electrons) between MnO2 and
functionalized CNTs, which is closely related to the obser-
vation of the C K-edge in which C π* states (peak A5) gain elec-
trons, as displayed in Fig. 5(a). Importantly, the nucleation of
MnO2 is mainly initiated at edge planes or defect sites on the
walls of CNTs.22,23 N-CNT can provide more of the edge planes
or defect sites that are required to form MnO2 in the redox
reaction. C-CNT has a lower edge plane structure than N-CNT
and fewer defect sites, and the MnO2 nanoflakes/C-CNT easily
precipitates vertical MnO2 near defect sites, resulting in a
highly developed surface, which favors the capacitance of
supercapacitors.
To examine the eﬀect of the scan rate on the capacitive be-
havior, cyclic voltammetry measurements were made at
various scan rates. Fig. 6(a) and (b) compare the CV curves of
MnO2/C-CNT-24 and MnO2/N-CNT-24 electrodes, obtained at
scan rates of 2.5, 5, 10, 20, 50, 100, and 200 mV s−1, with a
potential window from 0 to 0.8 V versus Ag/AgCl in 1 M
aqueous Na2SO4. The CV curves of MnO2/C-CNT and MnO2/
N-CNT electrodes exhibit redox peaks at a slow scan rate,
which are attributable to the reversible faradaic redox reaction
at the electrode surface that is caused by the pseudo-capaci-
tance of the MnO2 electroactive material, rather than the
double-layer capacitance of the C-CNT or N-CNT. The current
response in MnO2/C-CNT increases with the scan rate,
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revealing its favorable capacitive behavior. The excellent CV
shape at such a high scan rate reveals a very rapid current
response to voltage reversal at each end potential. Moreover,
the nearly straight sides of the rectangle reveal a very low equi-
valent series resistance of the electrode and the rapid diﬀusion
of electrolyte ions in the nanocomposites. Furthermore,
because only the surface or a very thin surface layer of MnO2
responds to pseudo-capacitance,24 the highly developed
surface of MnO2/C-CNT has a considerably higher specific
capacitance than MnO2/N-CNT. However, the CV curve of
MnO2/N-CNT gradually changes from square to oval as the
scan rate increases and this change begins at a rate of 50 mV
s−1. In contrast, the CV curve of MnO2/C-CNT electrodes
retains a rectangular shape at all scan rates, perhaps because
the high internal resistance of the MnO2/N-CNT electrode inhi-
bits the transport of electrons or ions within MnO2/N-CNT,
partly owing to the unfavorable morphology of the MnO2/
N-CNT electrode. The vertical nanoflaky MnO2 can provide a
large surface area in which the reaction can proceed and CNTs
in MnO2/C-CNT enable rapid charge propagation. MnO2 nano-
flakes grown on C-CNT have a large exposed electrochemically
active surface area, significantly favoring the reversible fara-
daic redox reaction between MnO2 and the electrolyte.
Fig. 6(c) plots the rectangular CV curves of MnO2/C-CNT
and MnO2/N-CNT at a low scan rate of 5 mV s
−1. However,
MnO2/N-CNT yields the more symmetrical rectangular curve.
Fig. 6(d) compares the CV curves at a high scan rate of 50 mV
s−1. The MnO2/C-CNT retains its highly rectangular CV curve,
but that of MnO2/N-CNT became distorted, which is mainly
due to the limitation on the incorporation of ions on the active
outer surface for charge storage. MnO2/C-CNT provided more
electron/ion paths and faster transport of these charge carriers
because of its greater degree of graphitization and higher elec-
tron conductivity, resulting in more swift and reversible redox
reactions and the rectangular CV. Electrochemical impedance
spectroscopy (EIS) is an eﬀective tool for obtaining infor-
mation on the conductive behavior of MnO2/functionalized
CNTs. The EIS analysis in Fig. S2† also verifies that MnO2/
C-CNT-24 has high electrical conductivity (see Fig. S2† for
details).
To investigate in detail the capacitive behavior of diﬀerent
MnO2/functionalized CNT, galvanostatic charge/discharge ana-
lysis was conducted. Fig. 7(a) and (b) compare the galvano-
static charge/discharge of MnO2/C-CNT-24 and MnO2/
N-CNT-24 electrodes, measured at various current densities of
0.2, 0.4, 1.0, and 2.0 A g−1 with a potential window of 0 to
0.8 V versus Ag/AgCl in 1 M aqueous Na2SO4. The charge curves
of various MnO2/functionalized CNTs are clearly symmetrical
with their corresponding discharge counterparts, with a
slightly increased curvature. This result probably arises from a
combination of the contributions of diﬀerently functionalized
CNTs and MnO2 to EDLC and pseudo-capacitance, and is con-
sistent with the CV curves. The specific capacitance is calcu-
lated from the discharge curves using specific capacitance =
I × Δt/(ΔV × m), where I is the charge/discharge current (A); Δt
is the discharge time (s); ΔV is the potential change during dis-
charge (V), and m is the mass of the active materials in the
electrode (g). The specific capacitances of diﬀerent MnO2/func-
tionalized CNTs gradually decreased as the current density
increased from 0.2 to 2.0 A g−1. This result is ascribed to
the discrepant insertion–de-insertion of Na+ from the electro-
lyte to MnO2. At low current density, the diﬀusion of electro-
lyte ions facilitates the easy access to the interface between
Fig. 6 Cyclic voltammetry curves of (a) MnO2/C-CNT-24 and (b)
MnO2/N-CNT-24 at various scan rates (2.5, 5, 10, 20, 50, 100, and
200 mV s−1) in 1 M aqueous Na2SO4. Cyclic voltammetry curves of
MnO2/C-CNT-24 and MnO2/N-CNT-24 at scan rates of (c) 5 mV s
−1 and
(d) 50 mV s−1.
Fig. 7 Galvanostatic constant current charge/discharge performance of (a) MnO2/C-CNT-24 and (b) MnO2/N-CNT-24 at various current densities.
(c) Speciﬁc capacitances of MnO2/functionalized CNT at various current densities.
Nanoscale Paper
This journal is © The Royal Society of Chemistry 2014 Nanoscale
Pu
bl
ish
ed
 o
n 
28
 N
ov
em
be
r 2
01
4.
 D
ow
nl
oa
de
d 
by
 T
am
ka
ng
 U
ni
ve
rs
ity
 L
ib
ra
rie
s o
n 
17
/1
2/
20
14
 0
6:
35
:5
5.
 
View Article Online
MnO2/functionalized CNT and the electrolyte, resulting in a com-
plete insertion reaction, and thereby a high specific capacitance.
The reduction in capacitance at high discharge current density
reflects a marked reduction of electrochemically active surface
area between the ions and the electrode. Fig. 7(c) plots the
specific capacitance of the MnO2/C-CNT-24 and MnO2/
N-CNT-24 electrodes versus current density. The specific
capacitance of the MnO2/C-CNT electrode at 0.2, 0.4, 1.0, and
2.0 A g−1 is determined to be 193.8, 136.0, 108.8, and 100.3 F
g−1, respectively, exceeding the specific capacitance of the
MnO2/N-CNT electrode. These values are comparable to those
of MnO2-based carbon material electrodes reported elsewhere,
such as those of MnO2/CNT (199.0 F g
−1),25 MnO2/graphene
(200.1 F g−1),26 MnO2/graphene oxide (197.2 F g
−1),27 and
MnO2/carbon spheres (170.0 F g
−1)28 at low current density.
The specific capacitance of the MnO2/C-CNT electrode falls
only by 50% as the current density increases; this result is
more favorable than that for the MnO2/N-CNT electrode whose
specific capacitance falls by 75%. The remarkable performance
is attributed to the fact that the vertical MnO2 nanoflakes/
C-CNT increases the surface area, increasing the electrical con-
ductivity and shortening the diﬀusion paths of Na+ during the
charge/discharge process. The cyclic stability of supercapaci-
tors is an important parameter for their practical applications.
Approximately 72.8% of the specific capacitance of the MnO2/
C-CNT-24 electrode was retained after 1000 cycles. The results
demonstrate that the long-term electrochemical stability of
MnO2/C-CNT-24 exceeded that of MnO2/N-CNT-24 (see Fig. S3†
for details).
Manganese oxide has multiple valences that result in a
variety of oxidation states and enable rich redox electro-
chemistry with diﬀerent compositions and crystal structures.
The energy density that is stored in an electrochemical capaci-
tor is proportional to the square of the operating voltage, and
retention of both electrochemical reversibility and stability is
important. Therefore, the electronic/atomic structures of
manganese oxides in the operating potential window are of
interest and the mechanism of the electrochemical reaction
must be elucidated to support the design of a manganese
oxide electrode with favorable electrochemical reversibility and
stability over the entire potential window. Thus, to examine
the changes in the local and electronic structures around a
manganese atom under working conditions, in situ XAS was
utilized. Fig. 8(a) and (b) compare the in situ Mn K-edge XAS
spectra of MnO2/C-CNT-24 and MnO2/N-CNT-24 during the
charge/discharge process under three potentials that were
applied in the order 0.0 V, +0.4 V, +0.8 V, +0.4 V (r0.4 V), 0.0 V
(r0.0 V). All of the XAS spectra in Fig. 8 include a weak absorp-
tion peak A8 at ∼6542 eV and a strong absorption peak B8 at
∼6563 eV. The weak pre-edge absorption peak is attributed to
the electric dipole-forbidden transition of a 1 s electron to an
unoccupied 3d orbital, which is partially allowed because of
and/or the 3d-4p orbital mixing that arises from the non-centro-
symmetric environment of the slightly distorted MnO6 octa-
hedra.29,30 The split in the pre-edge peaks, displayed in the
inset, is caused by the separation of the degenerated 3d levels
in the octahedral crystal field. The split peaks A8a and A8b are
assigned to the 1s→ 3d t2g and 1s→ 3d eg transitions, respecti-
vely.29,30 The main absorption edge feature, peak B8, was
attributed to the purely dipole-allowed 1s → 4p transition.
Notably, the oxidation of the electrode (charge process) from 0
V to 0.8 V shifted the absorption peak B8 to a higher energy,
revealing that the mean oxidation state of the manganese ions
in the electrode eﬀectively increased upon oxidation. When
the electrode potential was returned from 0.8 to 0 V for
reduction (discharge), the absorption peak B8 of the electrode
also returned to its initial state.
Generally, the pre-peak region yields information on not
only the mean oxidation state but also the symmetry of the
absorbing atom. Fig. 9 compares the pre-peak regions follow-
ing subtraction of the interpolated tail of the main edge from
Fig. 8 In situ XAS at Mn K-edge of (a) MnO2/N-CNT-24 and (b) MnO2/
C-CNT-24 at applied potentials in the order 0, 0.4, 0.8, 0.4 (r0.4), and
0 V (r0 V). Insets magnify pre-edge regions.
Fig. 9 (a) Pre-edge regions of Mn K-edge XAS of MnO2/N-CNT-24 and
MnO2/C-CNT-24 at various applied potentials. (b) Overlay of Mn K pre-
edge of MnO2/N-CNT-24 and MnO2/C-CNT-24 at various applied
potentials. (c) Mn oxidation states at various applied potentials during
redox reaction, determined from Mn K-edge energy shift relative to
reference manganese oxides.
Paper Nanoscale
Nanoscale This journal is © The Royal Society of Chemistry 2014
Pu
bl
ish
ed
 o
n 
28
 N
ov
em
be
r 2
01
4.
 D
ow
nl
oa
de
d 
by
 T
am
ka
ng
 U
ni
ve
rs
ity
 L
ib
ra
rie
s o
n 
17
/1
2/
20
14
 0
6:
35
:5
5.
 
View Article Online
the spectra in Fig. 8. The intensities of the pre-peak regions of
both samples clearly increase during the oxidizing process,
owing to the increase in the density of the Mn 3d unoccupied
states, indicating an increase in the charge states of Mn. As
stated in reference to Fig. 8, the split pre-edge peak suggests
distortion of the MnO6 octahedron. The bound states of the
Mn4+ and Mn3+ ions are described as t2g
3eg
0 and t2g
3eg
1,
respectively. From 0 V to 0.8 V, the increase in intensity of the
B9 peak relative to that of the A9 peak indicates an increase in
the number of unoccupied eg orbitals (hole density of the 3d
state) in the 1s → 3d quadrupole-allowed transition, which is
consistent with the increase in the Mn4+/Mn3+ ratio upon oxi-
dation (in the charging process). Then, as the potential is
returned from 0.8 V to 0 V the ratio of intensities B9/A9 falls
and returns to its initial state. The intensity and shape of a
pre-edge spectrum of manganese oxide depend on its structure
and such information can reportedly be used to elicit
unknown local structures.31–34 The pre-edge absorption
increases as the site symmetry of the Mn declines from a centro-
symmetric to a non-centrosymmetric environment, giving rise
to small tunnels.
MnO2 was constructed from edge-sharing and corner-
sharing MnO6 octahedral units, resulting in the formation of
tunnels of various sizes. The pseudo-capacitance of MnO2 in
supercapacitors mainly arises from the insertion/extraction
of alkali cations into/from MnO2, which is significantly
aﬀected by the crystalline morphology and the sizes of the
tunnels of MnO2. Therefore, the observation that the inten-
sity of the peak of MnO2/N-CNT at 0.8 V exceeds that of
MnO2/C-CNT indicates not only that MnO2/N-CNT exhibits a
higher charge state following oxidation but also that it con-
tains small tunnels and short Mn–O bonds.31–34 Notably, the
pre-peak intensity is approximately proportional to the ratio
of the edge-to-corner-sharing MnO6 octahedra, thus lower
peak intensities are observed for MnO2/C-CNT with larger
tunnels. The presented evolution of peak intensity seems
to indicate that MnO2/C-CNT contains more edge-sharing
octahedra.
The change in the intensity of the pre-peak region during
the redox reaction in Fig. 9(b) is reversible, and this fact is con-
sistent with the shift in the main edge in Fig. 8(a) and (b),
suggesting that the reversible change in the mean oxidation
state of manganese ions in the electrode during the redox reac-
tion at potentials between 0 and 0.8 eV originates from the
faradaic pseudocapacitance rather than the double layer
capacitance. A close investigation of the variation of the pre-
peak region reveals the return of the XAS peak features
(0–0.4–0.8–r0.4–r0 V) in MnO2/N-CNT, indicating that the electro-
chemical redox reaction is highly reversible, which is veri-
fied by the favorable capacitive behavior at a low scan rate, as
presented in Fig. 6(c). However, a negligible increase in the
intensity of the pre-peak of MnO2/C-CNT was observed during
oxidation from 0 to 0.4 V (as shown at the bottom of Fig. 9(b)).
When MnO2/C-CNT was oxidized from 0.4 to 0.8 V, the inten-
sity of the peak increased. Following subsequent reduction
from 0.8 to 0.4 V, the pre-peak intensity exceeded the anodic
potential, 0.4 V, and did not return to its initial state. This
observation provides spectroscopic evidence of the irreversible
reduction reaction at a redox potential of 0.4 V, indicating the
involvement of electrochemically inactive manganese oxides in
this stage. The lesser electrochemical stability of the manga-
nese oxide electrode, with the irreversible potential, may be
related to the less π* conductive path or to the formation of
electrochemically inactive (and/or less stable) oxide species
during the redox. Thus, the oxidation and/or reduction
proceed with diﬃculty during the redox reaction. The unstable
Mn4+ species in the final state reach a lower valence than in
the initial state (extra Mn4+ is suggested to be reduced in the
reduction process). This finding may be related to the presence
of more edge-sharing octahedra in the initial state of the
MnO2/C-CNT structure, as is clearly revealed by the diﬀerences
in Fig. 9(a) at 0 V.
To quantify the oxidation state of Mn at each applied poten-
tial, given a linear relationship between the energy shift and
the oxidation state, XAS spectra at 0, 0.4, 0.8, 0.4 and 0 were
compared with those of various reference oxides, such as
MnO, Mn2O3, Mn3O4 and MnO2, as shown in Fig. 9(c). This
figure plots the edge positions of the reference compounds
that were measured at the first inflection points. Each edge
position linearly depends on the formal Mn valence between
3+ and 4+. The mean oxidation state of Mn at each applied
potential was calculated and is also presented. Based on the
above analysis, the mean oxidation state of Mn in MnO2/
C-CNT (MnO2/N-CNT) at applied potentials of 0, 0.4, 0.8, 0.4
and 0 is 3.25 (3.18), 3.51 (3.51), 3.83 (3.91), 3.42 (3.51) and 3.17
(3.18), respectively. Hence, the mean oxidation state of Mn
varied throughout the electrochemical oxidation reaction
within the potential range 0 to 0.8 V, indicating an electro-
chemical utilization of 58% (73%) of the Mn sites in manganese
oxide. The ideal value for full utilization is 1 electron per Mn.
The change in the Mn charge states in MnO2/N-CNT upon
reduction is highly reversible. However, more Mn sites (∼8%
more) participate in the reduction reaction than in the oxi-
dation reaction, such that the Mn4+ states in MnO2/C-CNT
cannot be maintained, clearly revealing high electronic and
ionic conductivity of MnO2/N-CNT and a reversible Mn
3+/Mn4+
redox reaction in the ionic liquid, which is responsible for the
superior capacitance that is observed in the CV curves at a low
scan rate (Fig. 6(c)).
Finally, several unique characteristics of MnO2/functiona-
lized CNT make them promising materials for use in high-
performance electrochemical capacitors electrodes. CNTs have
a high surface area and conductive paths for the deposition of
MnO2 and provide excellent interfacial contact with MnO2 for
rapid electron transport. Modification of CNT surfaces can
alter the defective sites and subsequent decoration with
diﬀerent MnO2 nanoflake architectures can facilitate the
access of electrolyte ions (Na+) to the electrode. Moreover, the
nanoflake architectures of electrodeposited MnO2 oﬀer large
electrochemically active surface areas for charge transfer and
reduce the length of ion diﬀusion in the charge/discharge
process.
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Several physical and chemical factors influence the pseudo-
capacitance of an MnO2 electrode. Notably, MnO2 films are
poor electron conductors, but the redox transitions of inter-
facial manganese oxide species depend on the conduction of
electrons, which must travel from the interfacial oxides to the
conductive CNT and back again during charge/discharge
cycles. Therefore, the conductive path (from CNTs) and the
tunnel size critically aﬀect the diﬀusion of electrolyte ions.
The electrochemical studies in aqueous 1.0 M Na2SO4 revealed
that MnO2/C-CNT exhibits better capacitive characteristics
than MnO2/N-CNT at a high scan rate. The MnO2/C-CNT has a
higher specific capacitance perhaps because its large tunnels
and high specific surface area facilitate fast charge/discharge.
Furthermore, MnO2/N-CNT has a more symmetrical rectangu-
lar CV curve at a low scan rate, owing to the enhanced C–C gra-
phitic π* state, facilitating the conduction and transport of
electrolyte ions. This result is also consistent with the highly
reversible redox reaction (Fig. 9(b)). Although MnO2/C-CNT
contains large tunnels and has a large eﬀective surface area, it
has fewer π* states such that the redox reaction at a potential
of 0.4 V is irreversible (in anodic and cathodic scans). This fact
demonstrates that at a lower scan rate, the conductive path is
more important. However, at a high scan rate, the CV curve of
MnO2/N-CNT becomes badly distorted possibly by the small
tunnels, disfavoring ion transport. Accordingly, electrolyte ions
may accumulate at the surface. MnO2/C-CNT retains its rect-
angular curve owing to its large tunnels, which allow the
rapid transport of electrolyte ions. To the best of the authors’
knowledge, this work presents the first direct observation of
the eﬀects of the scan rate on the electrical conductive path
and ionic transport in terms of the change in local electronic
and atomic environments in MnO2/CNT hybrid materials. The
results of this study can serve as a useful reference for related
research on energy storage, and especially for research that
involves both CV and in situ XAS measurements.
Conclusion
XAS were obtained at the C K-edge, O K-edge, and Mn K-edge
of nanoflaky MnO2-decorated functionalized CNTs to charac-
terize their electronic structures. The C K-edge provided evi-
dence that MnO2 interacts with functionalized CNTs by Mn–
O–C bonding at the interface between them, facilitating the
deposition of MnO2 on functionalized CNTs and ensuring
favorable conductivity. Changes in the local atomic and elec-
tronic environments upon chemical reaction were observed.
The interaction alters the unoccupied electronic states in func-
tionalized CNTs and MnO2 and can potentially be exploited to
elucidate the performance of these materials. C-CNT has a
relatively low edge plane structure and few defect sites, and so
can easily form MnO2/C-CNT with a highly developed surface.
The supercapacitance properties of MnO2/C-CNT and MnO2/
N-CNT were revealed by the combined results of in situ XAS
and electrochemical measurements. The scan rate aﬀects the
capacitive behavior: at a low scan rate, MnO2/N-CNT exhibits
better capacitive performance and undergoes a more reversible
redox reaction than does MnO2/C-CNT. The above results indi-
cate that the variations in the specific capacitances of MnO2/
C-CNT and MnO2/N-CNT are associated with changes in the
sizes of the tunnels during fast charge/discharge. In compari-
son, the high specific surface area of the MnO2/C-CNT
enhanced the performance of the supercapacitor as a result of
the large tunnels that are present in the charge/discharge
process. Hence, MnO2/C-CNT is verified to have great potential
as an electrochemical energy storage device. The information
that is obtained herein is useful in supporting the rational
design of surface-modified CNTs and MnO2/functionalized
CNT interfaces. The results presented herein also demonstrate
the eﬀectiveness of XAS in elucidating the interaction in this
complex nanocomposite.
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